Abstract-The question, "How to assign projects to project managers?" is considered to be one of the most important questions in project management. Nevertheless, methods to answer this question have not yet been sufficiently addressed in the literature. In practice, even though the question is rather common, practitioners still seek an effective project assignment methodology-especially, for the assignments of project managers of multiple concurrent projects, such as a project manager of new product development projects in typical high-technology industries. To respond to this question, we performed an inductive study to develop a theoretical framework for project assignments, including some significant assignment criteria and processes. We found that to be effective in project assignments, management should consider strategic elements of the organization in project prioritization, project requirements and competencies of project managers in project managerto-project matching, and some organizational/personal limitations regarding the assignment. An optimization model was developed to apply this framework. This model can assist in assigning projects to project managers for the better performances of projects, project managers, and the organization.
I. INTRODUCTION

I
N MANY organizations, the project assignment of projects to project managers is often considered by management to be a major challenge [1] , [2] . It must be done appropriately since assigning the right project manager to a project is one of the critical success factors in project management [3] - [5] . Despite the fact that project assignment is important, and inappropriate assignments may lead to a decrease in the project success rate, which may negatively impact the organizational performance, the research in this area is fairly limited. Several researchers, however, have proposed assignment methodologies [6] - [8] , which use project requirements and project managers' skills as assignment criteria. Our concern is that assigning projects by using only these criteria may not be sufficient. We argue that the extant literature has established the fact that project manager assignments affect the performance of projects, project managers, and the organization. Other criteria, e.g., strategic importance of projects to the organization and the organizational limitations regarding the time availability of a project manager, etc., should be included.
In fact, considering these additional criteria in the assignment is especially critical in current business practices where some organizations consider projects (mostly new product development) as the engines of corporate success, survival, and renewal [9] . Usually, these projects are selected to enhance the organizational performance [10] , with an eye to selecting those that will provide the highest value to the company's strategy [11] . Assigning these projects to project managers without paying attention to the strategic importance of the projects or the impact of projects on the performance of an organization may eventually make the organization vulnerable. Also, in many organizations, several project managers lead multiple and simultaneous projects [10] , [12] - [15] . Assigning projects to them without considering, e.g., their availability, may overload project managers, which may eventually cause project failures [14] .
The critical importance of project assignments and the limited information, thereof, in the literature led us to study a process and criteria for project assignment used by a number of leading companies in order to develop a theoretical framework, including a systematic process and methodology for project assignment. We believe that the framework will lead to effective project assignments, which will in turn impact project success and eventually the performance of an organization.
II. BACKGROUND
Despite the limited amount of research in this area, we were able to classify the literature into two streams: criteria and methodologies for project assignments as shown in Table I .
A. Criteria for Project Assignments
Although the first stream of literature is not specific to a project assignment context, it indirectly recognizes the skill sets of project managers and project requirements as assignment criteria. In this stream, several studies propose successful project managers' skill sets [16] - [22] , and often imply that those skills can be used as criteria in an assignment process. In general, the skills can be categorized into technical, administrative/process, human/interpersonal, and business/strategic skills. Note that many recent studies emphasize the significance of the human/interpersonal and business/strategic skills over the technical skills [26] . This is consistent with the influential studies of Katz [27] and Shenhar and Thamhain [28] , which claim that as the level of administrative responsibility of managers grow higher, so does the importance of their human skills over their technical skills. Besides the skill sets, project characteristics are also recognized as important assignment criteria. Those TABLE I  SUMMARY OF THE LITERATURE REVIEW characteristics can be derived from the complexity of projects, project size, project duration, level of technological uncertainty, interdependencies and interactions among projects, the experience and sophistication of clients, and the degree of stakeholder involvement, etc. [23] , [24] . Shenhar [25] emphasizes the characteristics such as technological uncertainty, system complexity, and pace as important factors determining management styles of project managers.
As previously mentioned, it may be insufficient if management uses only skill sets of project managers and project requirements as assignment criteria. The strategic importance of the projects and some organizational limitations regarding project assignments should be included. To understand the strategic importance of the project, one way to do so may be to deploy the organizational strategic elements in project prioritization. Although these elements (e.g., organizational goals) have been extensively recommended for use in project selection, to the best of our knowledge, they have almost never been recommended as criteria for the process of project assignments. From the literature, the organizational goals suggested for use in project selection can be grouped into the goals related to business, operations, and technology aspects [29] - [35] , In terms of organizational limitations, several authors recognized their importance in project management, although not specifically in terms of project assignments. These limitations include the organization's resource capacity [31] , [36] , interdependencies and interactions among projects [37] , [38] , and a project manager's workload [14] . These organizational goals and limitations should also be parts of project manager assignments, and therefore, we have the following.
Conceptual Thinking 1: Organizational strategic elements and limitations are likely to be used as additional criteria for project assignments.
B. Methodologies for Project Assignments
In the second stream of the literature, only a few researchers proposed methodologies for assigning a project to a project manager. These methodologies base project assignments on project requirements and the project manager's skills.
Adams et al. [6] propose a contingency approach based on attribute matching. They suggest that management should: 1) identify the demands of the project according to factors regarding economic, organizational, technological, and behavioral characteristics of a project; 2) then, prioritize the factors according to their expected importance; 3) subjectively rate the candidate project managers in terms of their abilities to cope with problems associated with the identified factors; and 4) finally, choose a step for selecting a project manager who has capabilities matching the expected demands of the project.
Similar to the study of Adams et al. [6] , Hauschildt et al. [7] proposed a methodology for selecting a project manager. They suggest that: 1) project managers should be classified into different types (the project star, the promising newcomer, the focused creative expert, and the uncreative decision maker) based upon their abilities (organizing under conflict, experience, decisionmaking, productive creativity, etc.); 2) management should identify the types of projects that each type of project manager can successfully lead; and 3) project managers are assigned to lead only the type of projects that they can successfully lead. However, Hauschildt et al. [7] state that the types of project managers they used may not have universal validity.
Mian and Dai [8] also proposed a methodology for project assignments based on project requirements and a project manager's background. This methodology utilized concepts of the analytic hierarchy process (AHP) to assign projects to project managers based on the criteria: administrative and supervisory skills, technical knowledge, and personal abilities of project managers.
In summary, the methodologies proposed in the literature for assigning projects are based solely on project requirements and skills of project managers. Since the organization's strategic characteristics and the resource capacity of project managers, are not part of the assignment methodologies, these approaches may not be applicable for project assignment in many organizations-this is particularly true of the challenge in high technology industries, where managers are frequently assigned multiple projects to manage. Hence, we have the following.
Conceptual Thinking 2:
The project assignment process and methodology are likely to include additional steps that incorporate organizational strategic elements and limitations in making assignment decisions. 
III. RESEARCH APPROACH
In order to develop a systematic process and methodology for project manager assignments that are applicable to the current project management environments, we started our study by exploring the process and criteria in the current environments. Conceptual thinking 1 and 2 helped us frame our research. Then, we used the emerging processes and criteria to guide the development of a methodology for project manager assignment as shown in Fig. 1 .
A. Exploring the Processes and Criteria for Project Manager Assignments
Since there was relatively little empirically grounded research in this area of multiple project assignments, we used a case study research approach [39] , [40] coupling with Delphi method [41] to determine the necessary process and criteria for project assignments. Fig. 1 summarizes the research design and process in this step. The details of the case study research design and process are described in detail in [42] and [43] .
B. Developing a Methodology for Project Manager Assignments
Based on the emerging process and criteria from the case analysis, we developed a conceptual model for project assignment. An assignment methodology was then developed using the concepts of general assignment problems (GAP), an integer programming model [44] . We developed this model to be a decision-aid tool for project manager assignments and validated it with the information from a participating company. Although GAP has been used in many applications [45] - [49] , it has not been used in project manager assignment problems.
IV. RESEARCH RESULTS
In our study, the step of exploring the process and criteria was done rigorously in order to understand the current process, and develop an integrated list of criteria for project manager assignments. The summary is discussed in Section V, and in more detail in [42] and [43] . In this paper, the concentration is on our proposed methodology for project manager assignments.
A. Process and Criteria for Project Manager Assignments
Evidence from the case studies shows that project prioritization, project manager-to-project matching, and recognition of limitations are three main steps in the process of project manager assignments. For the assignment criteria, the organizational strategic elements, project requirements, competencies of project managers, and organizational/personal limitations are four groups of criteria associated with the process.
The case studies revealed that before projects are assigned to project managers, management prioritizes projects to understand their importance to the organization, i.e., the degree to which they contribute to the accomplishment of the organization's strategic elements. The elements such as organizational mission and goals are used in this prioritization step. In fact, these elements have been widely used for project selection but to the best of our knowledge, they have not been proposed for project prioritization in project manager assignments.
After identifying the importance level of a project, preferably, a strategically important project will be assigned to a skilled project manager whose competencies are well matched to the project requirements. This leads to the next step in the assignment process: project manager-to-project matching. In this step, the project's requirements have to be identified. In addition, the competency levels of project managers have to be assessed in order to recognize those whose competencies correspond to the project's needs. We found that the project assignment criteria in a group of project requirements should include the criteria such as risk level, technology novelty, schedule criticality, task complexity, etc. In terms of the competencies of project managers, the criteria can be categorized into technical, administrative/process, intrapersonal, interpersonal, business/strategic competencies, and multiple-project management competencies. The first four groups of competencies are consistent with the extant literature. These competencies help project managers lead each project individually. The group of multiple-project management competencies is new to the literature. These competencies, e.g., interdependency management, multitasking, and interproject process, help project managers coordinate simultaneous projects, see Patanakul and Milosevic [50] for more detail.
Besides considering strategic elements, project requirements, and competencies of project managers, the research evidence shows that organizational/personal limitations in project manager assignments have to be recognized. As discussed previously, some of these limitations have been mentioned in the literature. However, they are not specific to project manager assignments. One example of limitations that we found is the resource capacity of a project manager. A project should be assigned to a project manager if she is available to take on an additional project. Besides the resource capacity, criteria such as the experience of project managers in managing multiple projects and their career path, the interdependencies among projects, and preference of management (degree of trust) should also be considered when assigning projects to project managers.
B. Methodology for Project Manager Assignments
In this study, we developed an optimization model (an integer programming model) as a methodology for project manager assignments. The objective function of the model was developed by considering project priorities and levels of matching between project managers and projects. The mathematical constraints were developed based on both organizational and personal limitations. Fig. 2 shows a theoretical framework for project manager assignments, an integration of a process, criteria, and methodology (an integer programming model).
1) Objective Function:
The objective function was developed based on the evidence from case studies that a strategically important project j, given by
should be assigned (see Fig. 3 ) to a skilled project manager i whose competencies meet the project requirements (W ij ), the project prioritization and project manager-to-project matching steps. The function also accommodates the possibility of reassignment of existing projects by recognizing the effectiveness of a project manager in managing discontinuity in a project in the case of the reassignment (α ijk ). We found from the case study that in some situations where skilled project managers are not available for the new assignments, management may decide to release them from their existing projects, so that they will have resource availability to take on the new important projects. Those existing projects are put up for reassignments. The drawback of this approach is that the existing projects, which are assigned to other project managers may end up with some downsides, e.g., project delay, cost overrun, or quality problems. A cause of these downsides may be the discontinuity in management because of changing the project manager [10] , and their magnitude may depend on how effectively the new project manager manages the project during this transition period. On the other hand, if management decides not to free the skilled project managers and assigns the new strategically important projects to the less skilled project managers who are available, these managers may not be able to manage the new projects effectively. This may result in a negative impact on the project performance and eventually on the performance of the organization.
In the objective function, we have the following.
r α ijk represents the coefficient of effectiveness of project manager i in managing project j s contribution to goal k when there is a discontinuity in the management of project j (reassignments of existing projects). The value of this coefficient is between 0 and 1. A value of 0 represents a complete failure in discontinuity management while a value of 1 indicates full effectiveness as if no discontinuity has occurred. This coefficient of effectiveness is one of the important factors determining a reassignment decision, (see the Appendix for more explanation).
r G k and V jk represent the consideration of the strategic importance of the projects in the assignment. We define strategically important projects as those that provide major contributions to the organizational mission. We utilize a decision hierarchy to prioritize the project. From the hierarchy (see Fig. 3 ), G k is a matrix representing the relative contribution of the organizational goal k to the organizational mission, and V jk is a matrix representing the relative contribution of project j to the organizational goal k (organizational strategic elements). G k and V jk can be quantified by using a pairwise comparison method [51] , [52] , details are shown in the Appendix.
r W ij represents the correspondence level between project manager i and project j or the project manager-to-project matching score based on project requirements and competencies of project managers. From our case study, we found that the competencies often used are in the groups of technical, administrative/process, intrapersonal, interpersonal, and business/strategic competencies (see appendix for the quantification of W ij ).
r X ij represents a binary decision variable. If project j should be assigned to project manager i, X ij would be equal to 1. This assignment model can be applied to assign both new and existing projects.
2) Mathematical Constraints:
The mathematical constraints were formulated from the criteria regarding organizational/personal limitations. This represents the recognition of the limitations step in the assignment process (see Fig. 2 ). The major constraints found in this study are: 1) resource availability; 2) project-type-mix; 3) project-phase-mix; 4) maximum number of projects; 5) special requirements; 6) fixed assignment; and 7) project interdependency. a) Resource availability constraints:
This important group of constraints was developed to ensure that a project manager will not have excessive workload after the assignment is made. In other words, project j can only be assigned to project manager i if the project manager has sufficient time availability (A i ). Two time demands upon the project manager are modeled. The first is the project's individual time demand (D ij ). The second time demand is a penalty function to account for the loss in productivity due to multitasking (switchover-time loss [53] ) between multiple projects (S i ). Even though the switchover-time loss has not been discussed extensively in the literature and has mostly been ignored in practice, we consider it as a significant portion of time that a project manager of multiple projects spends.
In this set of constraints, the parameters D ij and A i are estimated over the time period or planning horizon, e.g., three months. In other words, these parameters are the predicted future values. The values of S i come from functions of decision variables, discussed later.
r D ij represents the time demand of project j for project manager i (person-hours per time period). Since project managers spend different amount of time on managing projects depending on their level of experience, the time demand has to be estimated for each project manager. However, instead of estimating the time demand for each project and each project manager, a decision maker can estimate it based on the type of project (e.g., breakthrough, platform, and derivative), the phase of project (e.g., conceptual/ planning, execution, and termination), and level of project manager (e.g., level 1 to 3, junior to senior). The result of this estimation would be, for example, the time demand of a platform project in its conceptual phase if assigned to project manager level 1 is 216 person-hours per 12-week horizon. The time demand would be equal to 120 personhours if the project is assigned to project manager level 3.
r A i represents the resource availability of project manager i (person-hours per time period).
r E i is the effective capacity of project manager i (personhours per time period). This capacity indicates the total time a project manager spends on projects after taking out non project work or overhead time, e.g., administrative and vacation [54] . In the case of a 40-h work week, the effective capacity of a project manager may be estimated as 32 h with an assumption of 8 h (20%) of nonproject work or overhead time. For a 12-week horizon, the effective capacity of a project manager would be 516 h.
r L i is the existing workload of project manager i (personhours per time period). This parameter indicates a future workload of a project manager from the existing projects that the project manager currently leads (exclude the future workload from the existing project's potential for reassignment). To estimate L i , the same concept of project type, project phase, and level of project manager can be applied.
r S i represents the switchover-time loss of project i (personhours per time period). It is the loss in project managers' capacity while switching from the issues of one project to the next project (multitasking). In this study, S i was estimated from the total number of projects that a project manager leads. Based on the information from Kapur International [55] , the estimation of the switchover-time loss is shown in Table II . Note that there are several ways to formulate the mathematical equations representing this data. The following is one of the possible ways:
where S i switchover time-loss of project manager i (person-hours per time period); Y i number of projects in excess of one managed by project manager i; Z i binary decision variable indicating whether or not project manager i is managing more than one project simultaneously. While conceptually simple, Y i and Z i are functions of both the number of preexisting projects managed by project manager i(n i ) and the number of projects assigned to project manager i( n j=1 X ij ). Therefore, incorporating this into the model requires some extra complexity as described here.
n i total number of existing projects under the responsibility of project manager i, not subject to potential reassignment; X ij decision variable representing the assignment of project j to project manager i (new assignment of project manager i); N i total number of projects under the responsibility of project manager i (existing projects and new assignment); or
γ i binary decision variable; and
Z i binary decision variable, and
Here, γ i is a binary decision variable formulated to prevent Y i from being equal to negative one (−1), when N i is equal to 0 (if Y i is equal to −1, the constraints Z i -Y i ≤ 0, and Z i is a binary decision variable that will be violated, leading to an infeasible solution). The coefficient of Z i in (8) can be set as the maximum number of projects that a project manager can lead. Based on the information available in Table II , the coefficient is set as 4. Also, the coefficient 0.25 of N i in (6) is the reciprocal of the maximum number of projects (set as 4 in this example). In practice, each organization should develop its own switchovertime loss equations based on its historical data. However, (4)- (9) were developed to demonstrate how to apply the switchovertime loss to the resource availability constraints.
b) Project-type mix constraints: From this study, we found that often management does not assign several projects of a certain type for a project manager to lead at the same time. The reason may be that the complexity in scope and the uncertainty in technology of those projects limit the project manager from managing them effectively. To replicate this consideration, we developed a set of project-type mix constraints (10), as an extension of the resource availability constraints to represent the limitations regarding the types of projects that a project manager can simultaneously lead
For project manager i, the total number of projects of a certain type (e.g., platform new product development project, PP) from both the new assignments (PP j X ij ) and the existing assignments (EPP i ) cannot exceed the maximum number of platform projects (MPP i ) that project manager i can effectively lead at one time. PP j is a binary data (PP j = 1; if project j is a platform project or PP j = 0; if project j is not a platform project). Since the constraints in this group measure resources by the unit of the number of projects at only the time of assignment, they are more static than the constraints in the previous group (2). However, they are easier to quantify. c) Project-phase mix constraints:
This group of constraints represents the limitations regarding the number of projects in certain phases that a project manager can simultaneously lead. We found evidence that some project managers cannot lead more than two projects in the conceptual and development phases, since these phases require more attention from a project manager than the other phases. We then proposed that for project manager i, the total number of projects in conceptual and development phases, e.g., both from the new assignments (CP j X ij ) and the existing assignments (ECP i ) cannot exceed the maximum number of projects in conceptual and development phases that project manager i (MCP i ) can effectively lead at the same time. CP j is a binary data value (CP j = 1 if project j is in the conceptual or developmental phase, and CP j = 0 if project j is not is in a conceptual or developmental phase).
d) Maximum number of project constraints:
This is another group of resource capacity constraints representing the limitations regarding the total number of projects that a project manager can simultaneously lead. In some organizations, management sets the maximum number of projects assigned to each project manager. The reason is that management does not want to load their project managers up to the point that the project managers cannot be effective. In other words, for project manager i, the total number of projects from both the new assignments (X ij ) and the existing assignments (E i ) cannot exceed the maximum number of projects that project manager i can simultaneously lead effectively (M i ).
e) Special requirement constraints:
∀j ∈ {projects with special requirements}.
This group of constraints was developed to reflect the degree of trust in project managers by stakeholders. They reflect the situations where special project j has to be assigned to project manager i who possess specific competencies to lead project j to its success. SC ij is a binary data (SC ij = 1 if project manager i has special competencies to respond to special project j, or SC ij = 0 if project manager i does not have special competencies to respond to special project j). For this group of constraints, we can formulate it in such a way that special project j is assigned to any skilled project manager in a predetermined group.
f) Fixed assignment constraints:
This group of constraints represents some special situations where project manager i requests to lead project j according to his personal preference, or management would like to assign a project to him for skills or knowledge development, etc. This group of constraints is more strict than the special requirement constraints since it forces a specific assignment, e.g., project A has to be assigned to project manager A.
Along the same lines as this constraint, in some situations, project manager i is not allowed to lead project j. For example, a customer does not want project manager i to lead project j. The mathematical expression of these constraints is
g) Project Interdependency constraints:
∈ {a set of projects j and k such that projects j and k must be assigned to the same manager i} (16) This group of constraints is developed to accommodate the fact that some projects (j and k) must be assigned to project manager i because of the interdependencies and interactions between projects. Assigning these projects to the same project manager leads to better project management and project success.
h) Technical constraints:
Each project must be assigned to only one project manager. In the case that some projects do not have to be assigned at this time of assignments, the constraints in (17) should be adjusted to
Also, we have
Z i = 0, 1 binary decision variables (19)
The constraint specifies X ij , Z i , and γ i as zero and one binary decision variables.
3) Assumptions and Limitations of the Model: The model has major assumptions and limitations as follows. a) Function of time:
The model assigns projects to project managers by using the total time demand of a project and the total time availability of a project manager in a planning horizon. It assumes that after assignments, project managers have an opportunity to prioritize and organize their tasks to balance their workload in that planning horizon. Therefore, the project demands and resource availability of project managers in (2) are not formulated as functions of time.
b) Switchover-time loss equations: The switchover-time loss is incorporated in the model as a function of the number of projects at the time of assignments. This assumes that a project manager continuously has the same number of projects to lead within that planning horizon. In addition, the model assumes a linear relationship between the number of projects and the switchover-time loss when the number of projects is greater than one (4); also based on the available information from [55] , it assumes that the complexity of projects and the experience level of project managers do not have any influence on the switchover-time loss. Note that (4)- (9) are presented only to show the possibility of integrating the switchover-time loss into project assignments. In practice, each organization should be able to develop its own switchover-time loss equations. c) Rank reversal: The decision hierarchy can suffer from rank reversal caused by the introduction or deletion of new alternatives. While intending to keep the model as flexible as possible, we believed that if there are any changes in the list of goals or projects, new pairwise comparisons should be performed with respect to those changes. In practice, the organizational mission and goals do not change frequently. If those changes occur, they represent changes in the company's direction and deserve much attention. Performing new comparisons should not be a major concern. The same approach should be applied to the list of projects to be assigned. The priority of projects is time/situation dependent. A new set of comparisons should be performed if there is any change to the list of projects or if we evaluate the project at a different time.
V. EXAMPLE
Besidestesting the validity of the model internally based on various scenarios, we executed and validated the model with the information from a participating company, shown here as an example. We found that this validation strategy was appropriate, since in addition to the internal validation to ensure that the model worked properly as intended, the in-depth external validation with a company helped assure the applicability of the model in the real-life context.
At the time of this research, the participating company was a technology-driven organization in a high-technology industry. It was a worldwide leader in digital technology and solutions. With its emphasis on using product development as an engine of growth, the company produced the industry's most comprehensive lines of products. In terms of project management, the company implemented 30-40 product development projects per year, ranging from derivative to breakthrough product development projects (less than $1 million to more than $5 million budgeted and 4-24 months in duration). It had 12 project managers who on an average led 2-4 projects simultaneously.
The model that we built for the company was used to assign six projects to six different project managers (see Tables III  and IV) . Initially, this assignment decision took place because the company had to implement a new project (P6). Based on the original assignments determined by the director of project management group without using any decision-aided tool, every project manager (besides PM F) was leading two projects at that time (see Table IV ). With the need to implement P6, the assignment alternatives were: 1) assigning P6 right away to a junior project manager (PM F) who was available; or 2) rearranging the existing assignments so that P6 and other projects would be assigned to the appropriate project managers. The director of the project management group considered rearranging the existing assignments to be a better alternative. To do so, the director freed up P1 to P5 from PM A to PM E in order to create the availability of those project managers (see Table  IV ). The model was, therefore, developed to assign six projects (one new and five existing projects) to six project managers (five of them were the project managers of those existing projects). As shown in Table III, those six projects had different levels of importance to the organization, had different levels of requirements, were of different types, and in different phases of implementation. In addition, the project managers had different level of competencies, workload, and experience ranging from junior to senior project managers (see Table IV ). This assignment situation was challenging because it involved the reassignment of five existing projects. However, it helped us test the capability of the model with regard to the potential reassignments.
A. Project Prioritization
Project prioritization is one of the mediating steps in the assignment process (Fig. 2) . To prioritize projects, a decision hierarchy was constructed, as shown in Fig. 4 . A questionnaire was developed to gather organizational mission and goals (strategic elements) to be placed on the first and second levels of the hierarchy. The third level contains projects to be assigned. After the director performed pairwise comparisons, a software program was used to quantify the values of G k and V jk (see Fig. 4 ). Since every goal equally contributes to the organization mission, the value of G 1 is equal to the values of G 2 , G 3 , and G 4 (25%). However, the contribution of each project to the goals is different. In this example, Project 2 contributes 16.67% to the accomplishment of Goal 3 (V 23 = 16.67).
From Fig. 4 , the priority of projects to the organization can be calculated from the multiplication of matrix G k and matrix V jk . By doing so, we found that P1 had the highest priority of 22.86, followed by P4, P6, P2, P5, and P3 with the scores of 19.23, 17.47, 15.01, 13.42, and 12.01, respectively. 
B. Project Manager-to-Project Matching
This step contains two parts: 1) quantifying the coefficients of effectiveness in managing discontinuity of project managers in projects and 2) calculating the matching score between projects and project managers. Appendix provides details of the quantification procedures. Table V shows the coefficients of effectiveness in managing discontinuity of project managers in projects α ijk gathered using a questionnaire. These coefficients are especially necessary in the case of reassignment, since they reflect how well project managers manage discontinuity in these projects. For example, the value 0.7 of α 214 shows 70% effectiveness of PM B in managing the discontinuity of Project 1 with respect to Goal 4. Since Project Managers A, B, C, D, and E were the original project managers of Projects 1, 2, 3, 4, and 5, respectively, their coefficients of effectiveness are equal to one for those projects. For P6 (a new project), α i6k is equal to one for every project manager and every goal.
Quantifying the matching score between projects and project managers required two steps. First, we asked the director of project management group to develop a list of project managers' competencies that should be considered in the assignment process (our list of competencies was provided as a guideline). Second, we asked the director to identify the importance score of each competency to each project by using a pairwise comparison method (a comparison instrument was provided). In this particular assignment, the decision maker identified similar weights of competencies to Project 2, 3, 4, 5, and 6 since they are platform projects (see Table VI) . Table VII illustrates the matrices of required and available competencies after being rated by using 1-5 Anchor scales-(anchor statements were developed and provided). Table VII also shows the matching scores between projects and project managers (W ij ) after following the steps discussed in the appendix. Based on the matching scores, PM B, PM C, and PM D have a high correspondence level with every project (their competencies match with the project requirements). PM A and PM E have a lower correspondence level with projects than PM B, PM C, and PM D but a higher correspondence level than PM F. Since PM C had the highest competency score of 5 for every competency, his correspondence level W 3j has the maximum value (100.00).
C. Recognition of Limitations
In this particular assignment, the director placed special emphasis on the resource availability of project managers and the special requirements (Table VIII) . He argued that the other constraints, e.g., phase-mix, type-mix, and maximum number of projects, which were rather simple to formulate, were already reflected in the resource availability constraints (projects in different phases and types require different amounts of time from a project manager). Table VIII illustrates the equations and data representing the resource availability and special assignment constraints. For the resource availability constraints, the values of D ij (time demand of project j from project manager i) are the future demands of projects (e.g., next 12 weeks). These demands vary depending on the experience level of project managers. The switchover-time loss (S i ) is captured by using (4)- (9) . The resource availability of a project manager (A i ) is the future time availability of a project manager (the next 12 weeks). In terms of special assignment constraints, we formulated the equations to represent the request of the director that P1 had special requirements, and only PM A, PM C, and PM D could respond to them.
D. Optimization Model for Project Manager Assignments
The objective function and the mathematical constraints of an optimization model for project manager assignments are summarized in Table IX . In addition to the constraints illustrated in Table VIII , some technical constraints were added. Those constraint are 1) each project must be assigned, and it must be assigned to only one project manager (project assignment constraints); 2) every project manager must be assigned one project (project manager assignment constraints); and 3) declarations of binary decision variables (X ij , γ ij , and Z ij ). The results after model execution are also shown in Table IX . The value of the objective function was 8786.86. The model suggested some changes in project managers of some existing projects. P1 (the highest priority project) was assigned to PM C (the most experienced project manager) instead of its original PM A. P6 (the second most important project) was assigned to PM E, who had more experience than PM F (originally available). This shows that the model is capable of performing reassignment. The total project time demand and the project managers' resource availability after assignments are also shown. These results reflect the objective of the model: the strategically important projects should be assigned to the skilled project managers (the parameters in the objective function) with respect to the organizational/personal limitations (the parameters in the mathematical constraints).
In comparison, if the director of project management group decided not to change the original assignment and assigned P6 to PM F, this decision yielded the objective function value of 8348.30. In other words, the reassignment results from the model produce approximately 5% improvement in the objective function value. From the resource availability after assignments standpoint, project managers A to F would have 96, 180, 152, 200, 163, and 144 h available over the 12-week horizon, respectively. Comparing these values to the results from reassignments-164, 180, 96, 200, 215, and 84 h available over the 12-week horizon-PM C, who is very experienced, had more workload whereas the other project managers, e.g., PM A and E had more availability.
In fact, the results from the model are no more than a guideline for the director of the project management group. After presenting these results to him, the director found the assignment decisions reasonable. He stated that, "The model correctly prioritizes the individual projects in line with our business needs. . . The model correctly matches the skill sets and experience levels of the project managers with the project requirements." He also mentioned that the assignment decisions from the model are similar to what he had in mind and commented that, "Having a tool such as this would give me an excellent starting position for resource assignments." He also stated that this model can save a large amount of time in resource allocation and planning if the organization is sufficiently large. However, he said, "Project assignments will almost always require the final decision to be completed by management." The reason is that there may be some external factors that should also be considered. However, it may not be appropriate to incorporate these factors into the model, since they would make the model overly complex.
VI. CONTRIBUTIONS AND MANAGERIAL IMPLICATIONS
A. Contributions
This study, which is a combination of a descriptive and prescriptive study, contributes to the management literature by investigating the process of project assignments in multipleproject environments where project managers manage multiple concurrent projects, which has been long ignored. In particular, to our knowledge, we are among the first to empirically examine the multifaceted assignment criteria that span from the organizational strategic factors to the project requirements, the project manager's competencies, and the organizational/personal limitations. This study also examines mediating steps through which the assignment criteria affect project manager assignments, helping researchers to better understand how assignments occur in high-technology companies. In addition, this study adds to the previous work on the theory of project assignments by providing a theoretical framework with a comprehensive and systematic decision-making model based on previously mentioned assignment criteria and mediating steps in the assignment process. This theoretical framework can be integrated into a broader enterprise project management system, and can stimulate the future research in project manager selection.
B. Use of the Assignment Model
In terms of its implications, the project assignment model can be used in several situations. It can be used in the assignment of project managers who lead one project or multiple and simultaneous projects. The model can help assign new projects, as well as reassign existing projects to project managers. In fact, its reassignment capability makes the model unique, and creates the possibility of using it at any point in time (not only when having all new projects and all new candidate project managers).
C. How to Develop the Assignment Model in Practice
To develop the assignment model in practice, we propose that an organization use a contingency approach, which can be seen from the example discussed in this paper. The process starts with; 1) selecting an appropriate criteria; 2) gathering the information to quantify the value of parameters; and 3) developing an integer programming model. 1) Selecting Appropriate Criteria: Four groups of criteria are proposed in the study as a platform, since the decision maker develops specific assignment criteria within these groups as needed for their particular company. The four groups of criteria are the organization's strategic elements, the project requirements, the competencies of the project managers, and the organizational/personal limitations. A list of criteria researched under the environments of new product development in hightechnology industries is provided as guidelines (refer to [42] ).
2) Gathering Information to Quantify the Values of Parameters:
After the criteria are selected, the information regarding the projects to be assigned and the candidate project managers should be gathered. This includes project type, project phase, level of requirements, project time demand, competency level of project managers, and resource availability of project managers, etc. Next is a quantification step, including quantifying the values of the parameters in the objective function and the mathematical constraints as mediating steps in project manager assignments. The analytic hierarchy process together with the criteria in a group of organizational strategic elements can be used to identify the parameters relating to project priority (G k and V jk ). The discontinuity in project management parameters (α ijk ) can be subjectively rated for each project and each project manager. The use of the competency matrices and criteria in the groups of project requirements and competencies of project managers help quantify the project manager-to-project matching scores (W ij ). Our proposed techniques for quantifying these parameters are presented in the appendix. In terms of mathematical constraints, as mentioned earlier, the information regarding the limitations, e.g., project time demand and the time availability of project managers can be estimated based on the types and phases of projects, and levels of project managers instead of estimating them individually for each project and each project manager. The use of systematic questionnaires can help alleviate the challenges in the data gathering and quantification process.
3) Developing an Integer Programming Model: An integer programming model for project assignments can be developed using any commercially available software platform. The input data of the model is the values resulting from the quantification of the parameters, discussed earlier. The results from model execution are the assignment guidelines for management to use them in making assignment decisions. In addition, sensitivity analysis can be performed to understand the impact of changes of the input values on the results.
In some cases, the data gathering and quantification process can be cumbersome. However, having a systematic approach to do so and using a software program that enables data gathering, quantification of parameters and development of the integer programming model may help. Note that the project assignment model developed in this research demonstrates its application in the environment of product development projects. In order to apply the model to different environments, the structure and concepts of the model-including the process of model development-may be utilized. Some assignment criteria may have to be revised.
VII. CONCLUSION AND FUTURE RESEARCH
As a result of this research, we present a theoretical framework for project manager assignments that includes multifaceted assignment criteria and process, as well as an integer programming model as a systematic methodology. This theoretical framework can be used as an extension of the project selection process.
While other researchers propose project assignment methodologies based on the correspondence level between project requirements and the competencies of project managers, this research proposes two additional steps in the process: project prioritization and recognition of limitations, which are valuable extensions of the work of other researchers. With these additional steps, the model assists management in assigning projects to project managers by considering the organizational strategic elements, project requirements, competencies of project managers, and organizational/personal limitations. These considerations guide project manager assignments to enhance the performance of projects and the organization, including the performance of project managers in leading projects to their success.
Despite the contribution of this model, several opportunities exist for its future improvement. First, the objective function and some mathematical constraints of the optimization model may be formulated as a function of time. This will definitely increase the complexity of the model; however, it will make the model more dynamic, and project assignment decisions will be made by considering, e.g., the balanced workload of project managers over time. Second, the objective function may include some additional parameters representing the synergy effect from assigning projects with interdependencies and interactions to the same project manager. Third, the equations of the switchovertime loss-parts of the resource availability constraints-can be modified to capture the number of projects per project manager at a given time, leading to more accuracy in the estimation of switchover-time loss. Finally, the benefit of multiple project management in terms of organization efficiency and knowledge transfer, which can compensate for a multitasking penalty, can be further investigated.
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APPENDIX I QUANTIFICATION PROCEDURES FOR THE PARAMETERS OF THE OBJECTIVE FUNCTION
A. Quantification of G k and V jk
For every candidate project, the values of G k and V jk can be quantified by using the decision hierarchy. To do so, the hierarchy may be constructed with three hierarchical levels. The top level of the hierarchy is an organizational mission. The organizational goals are placed on the second level, while the third level consists of projects to be assigned. To quantify a decision hierarchy, a pairwise comparison method-either the 1-9 scale of Satty [51] or a constant-sum method of Kocaoglu [52] -can be used. For the constant-sum method, the process starts with pairwise comparisons of organizational goals to identify their relative contribution to the organizational mission (G k ), resulting in a mission-goal matrix (MG mission×goal ). The second step is the pairwise comparisons of projects to identify their relative contribution to each organizational goal (V jk ), producing a goal-project matrix (GP goal×proj ). If the matrix multiplication (MG × GP), as proposed by Kocaoglu [52] is performed, the results will be the relative contribution of each project to the organizational mission (V j ).
B. Quantification of α ijk
The value of α ijk represents the coefficient of effectiveness of project manager i in managing project j's contribution to goal k when there is a discontinuity in the management of project j. As already mentioned, α ijk is equal to 1 for: 1) every project manager of new projects and 2) the original project managers of the existing projects (candidates for reassignment), since the discontinuity in management does not occur in those cases. In other cases, the magnitude of α ijk depends on the ability of project managers in managing discontinuity in those projects' contribution to goal k, and the value of α ijk is between 0 and 1. The value of 0 means complete failure in discontinuity management. On the other hand, the value of 1 means full effectiveness as if no discontinuity has occurred. While the determination of these coefficients with respect to each goal may be time consuming, it helps a decision maker to be more focused during the quantification process-looking at a single goal at a time.
For each existing project j, α ijk has to be quantified for each project manager and each goal. The quantification process of α ijk is very subjective. Several factors influence the value of α ijk , e.g., the current phase of projects, project characteristics, or some impact on project deliverables, such as delay, budget overrun, or quality problems because of discontinuity in management. A decision maker has to take these factors into consideration when quantifyingα ijk . To quantify α ijk , the question that should be asked is:
If there is a discontinuity in the management of project j (project's name) due to its assignment to project manager i (project manager's name), who is not its current project manager, what is your judgment about the effectiveness of project manager i (project manager's name) in managing the discontinuity with respect to achieving goal k. Please use a value between 0 and 100%, with 0% representing a complete failure and 100% representing full effectiveness as if no discontinuity has occurred.
The values of α ijk can be presented in the form of a table as in Table X . 
C. Quantification of W ij
The correspondence levels between projects and project managers (W ij ) are the project manager-to-project matching score based on project requirements and competencies of project managers. W ij is quantified by using the matrix of required competencies and the matrix of available competencies (see, e.g., Tables XI and XII).
The matrix of required competencies is used to identify the level of competencies of project managers that were required for managing projects. It represents the use of criteria in the group of project requirements in project assignments. However, those project requirements are not directly presented in this matrix, but rather are in the form of the competencies that projects require from project managers. In this matrix, each row represents each project managers' competency that projects require, and each column represents each candidate project to be assigned (Table XI) . The matrix of available competencies is used to evaluate the level of competencies that candidate project managers possess. Those competencies are in the rows of the matrix while the names of candidate project managers are in the column (Table XII) . In project assignments, these matrices are used to find proper matches between projects and project managers. The quantification procedure is as follows.
r Both the matrix of required competencies and the matrix of available competencies can be quantified by using 1-5 Anchor scales to identify, for each competency, the level each project needs and the level that each project manager can provide (1 = very low, 5 = very high), as shown in Table XIII . We found that the use of Anchor scales (scales with statements) makes the rating simpler.
r To examine the match competency between projects and project managers, we compare the level of each competency that project manager i can provide with the level that the project j needs. If the difference is zero or a positive value, we consider it as a good match competency. If the difference is a negative value, we considered it as a no match competency. Then, for a good match competency we code it as "1," and for a no match competency we code it as "0." However, if it is acceptable in the organization that a project manager has one level of competency less than that required by the project (the difference is "−1"), we propose a coding of "0.5" or a somewhat match competency-a common practice to help the project manager improve her skills. This procedure repeats for every project manager. For project j, the results from the coding create the coding matrix. This coding step is important. It helps eliminate the offsetting of a very strong match in one competency (the difference is very positive) over the complete lack of match in another competency (the difference is very negative), since the final matching score will be calculated in part by the summation of the matching score from each competency. r In the coding matrix, for each competency, the coding score of project manager i is multiplied with the level of importance (weight) of that competency to the project, resulting in the weighted score of the project manager with respect to each competency. The weight of each competency can be quantified from the pairwise comparisons among the competencies. However, instead of quantifying weights of competencies for each project individually, we propose quantifying them by the type of project such as breakthrough, platform, and derivative products. If Project A and B are of the same type, the same weights of competencies are implemented for both projects.
r The project manager-to-project matching score or the correspondence level (W ij ) of project manager i to project j is the summation of his weighted scores from all competencies. The higher the value, the better is the match between project j and project manager i. r This calculation is repeated for every project.
